Abstract-Electric, thermal, and mechanical strain fields drive the degradation of AlGaN/GaN high-electron mobility transistors (HEMTs). The resulting mechanical strains within the devices are particularly important. However, a lack of high-resolution measurements of device deformation has limited progress in understanding the related phenomena. This paper presents the atomic force microscope measurements of thermomechanical deformation of AlGaN/GaN HEMT devices during pulsed operation. We investigate the devices with various operating conditions: drain-source voltage, V DS , of 0-50 V; drain-source power of 0-6 W/mm; and operating frequency of 55-400 kHz. As V DS increases, thermomechanical deformation decreases, especially in the region above the gate. An electrothermomechanical model closely matches with and helps to explain the measurements. According to the model, the maximum periodic tensile thermal stress, which occurs at the drain-side edge of the gate footprint, is 55% larger for V DS = 10 V than for V DS = 48 V for the same device power. The maximum tensile thermal stress in the device depends on the gate temperature and not the maximum device temperature. As V DS increases, the hotspot moves away from the gate, leading to lower gate temperature rise and lower tensile thermal stress.
withstand high power densities and large operating voltages while having fast switching speeds and high carrier mobilities [1] . While improvements in device reliability have been made in recent years, the degradation mechanisms are still not well understood [2] . Key causes of device degradation are chemical reactions [3] , [4] , diffusion of impurities [5] , and excessive mechanical strain [6] . Chemical reactions lead to the formation of traps, which limit the efficiency, maximum power, and speed of devices [3] . The diffusion of impurities into the AlGaN and GaN layers lowers device performance and weakens the material [5] . Excessive mechanical strain can cause crack formation [6] , [7] , and structural damage can occur in both the ON-state [8] and OFF-state [9] , [10] . While these studies have shown that damage depends greatly on bias and current conditions, increased strain and increased temperature also influence device damage [6] , [8] . In the case of excessive mechanical strain related failure, increased temperature induces thermal strain, and the total tensile strain causes failure by encouraging crack formation to relieve the elastic strain energy [6] . Thus, understanding mechanical strain in AlGaN/GaN HEMTs in the ON-state condition is important for understanding overall device reliability.
Mechanical strain in an AlGaN/GaN HEMT is a combination of intrinsic strain, inverse-piezoelectric (IPE) strain, and thermal strain [5] , [6] , [11] . A number of published articles describe the measurements of temperature and strain in AlGaN/GaN HEMTs [11] [12] [13] [14] . Measurement techniques typically include laser Raman microscopy [11] , [12] , scanning thermal microscopy [13] , and cathodoluminescence [14] . In general, the existing measurements, along with device structural models, indicate that the intrinsic strain in the AlGaN layer is tensile and the strain due to the IPE effect is also tensile [6] . Some Raman microscopy studies suggest that a compressive thermal strain develops in the GaN layer during operation, which serves to reduce the tensile strain in the device [5] , [11] . However, more recent work predicts that the large mismatch in thermal expansion coefficient between the metal gate and the AlGaN layer induces tensile thermal strain in the AlGaN layer very close to the drain-side edge of the gate [12] . The majority of work on AlGaN/GaN HEMT degradation and stress characterization has been under dc conditions despite the use of these devices in RF applications. Recent finite-element modeling suggests that transient strain may be an important consideration [15] , [16] . Understanding the complex combination of strains in these devices has 0018-9383 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. motivated the use of electrothermomechanical finite-element modeling [15] , [16] and Raman experiments [12] to infer the mechanical strain. However, there remains a need for the measurements of device deformation in AlGaN/GaN HEMTs. This paper reports atomic force microscope (AFM)-based measurements of periodic (ac) thermomechanical deformation in an AlGaN/GaN HEMT and an electrothermomechanical finite-element model to interpret the measurements. The tip radius of an AFM cantilever is typically 25 nm or smaller, which allows higher spatial resolution than Raman microscopy (1 μm). In addition, AFM can measure metal regions that cannot be measured using Raman microscopy. We study device ac deformation under different bias conditions in an AlGaN/GaN HEMT with sub-1-μm dimensions. We show good agreement between our experiments and our electrothermomechanical model of the device. Using the validated model, we consider thermal stresses in the device under different operating conditions. II. METHODS Fig. 1(a) shows the cross-sectional image of the experimental setup. Periodic drain-source voltage, V DS , was applied to the device and caused periodic Joule heating, which induced periodic thermal strain in the device [17] . Gate-source voltage, V GS , was constant during each measurement. With the AFM cantilever in contact with the surface, the ac cantilever deflection corresponded to the ac vertical surface thermomechanical deformation. A lockin amplifier (100-ms time constant, 24-dB/oct. filter) measured the cantilever deflection amplitude at the V DS drive frequency, f . The device consists of a SiC substrate, a GaN layer, a thin AlGaN layer (not shown in the diagram), ohmic and Schottky metal contacts, and a Si-N passivation layer. Fig. 1(b) shows the microscope image of the HEMT. This HEMT has two gate fingers and a total channel width of 100 μm. The dotted line in Fig. 1(b) shows the measurement location of the cartoon in Fig. 1(a) . Fig. 1(c) shows the topography of the device channel with four locations shown, where we performed deformation measurements. The locations are: 1) in the channel between gate and drain; 2) on the drain side edge of the gate connected field plate; 3) on the source side edge of the gate connected field plate; and 4) in the channel between gate and source.
An essential aspect of this technique is that it measures ac deformation in response to ac power dissipation. As a result, it is necessary to accurately measure and account for the ac power dissipation. During the measurements, V DS consisted of a dc offset, V DS,dc , and an ac component, V DS,ac , at frequency f
(
A 3.73-resistor connected in series to the source enabled the measurement of drain-source current, I DS , which had a similar form to (1) with a dc offset, I DS,dc , and an ac component, I DS,ac , at f . An oscilloscope recorded V DS and I DS . For the measurements in this paper, I DS,ac I DS,dc , so drain-source power, P DS , consists of a dc component, P DS,dc , and an ac component, P DS,ac , at f P = P DS,dc + P DS,ac sin(2π f t).
We found that the ac deformation is linearly proportional to P DS,ac for 0.2 W/mm < P DS,ac < 0.9 W/mm. We normalized ac deformation measurements to P DS,ac = 0.5 W/mm, because most measurements were within 0.1 W/mm of this value. We investigated how three device operating parameters affect ac deformation: P DS,dc , V DS,dc , and V GS . These parameters determined the location and spatial distribution of the heat generation region within the device. The relatively small ac power (0.5 W/mm) used in this paper did not cause a significant change in the location or shape of the heat generation region, which is why ac deformation depends on the three parameters we studied. From Fig. 2(b) , it is clear that these parameters are interdependent. Setting the value of any two parameters determines the value of the third parameter, which is important to consider when interpreting the data.
III. RESULTS AND DISCUSSION
We measured device ac deformation for dc power ranging from 1 to 6 W/mm. Fig. 3(a) , (c), and (e) shows the measured device deformation as a function of dc power with constant gate-source voltage (V GS = −2.63, −2.20, and −0.38 V) and operating frequency f = 210 kHz. We report two data points for each dc power, corresponding to sweeping the dc power from low power to high power and then back to low power. For the two lowest gate-source voltages (−2.63 and −2.20 V), the device exhibits similar behavior: deformation near the drain (A) increases as dc power increases, while the deformation at other locations remains constant. For the highest gate-source voltage (−0.38 V), the deformation at every location increases from 0 up to 3 W/mm, above which the deformation remains approximately constant at every location. Clearly, the device behavior as a function of dc power varies for different gate-source voltages, suggesting that there is no simple relationship between dc power and device deformation. The behavior for V GS = −0.38 V, P DS,dc < 3 W/mm is consistent with power being dissipated in the contacts when the device resistance is small. Low power operation (P DS,dc < 3 W/mm) conditions are not the focus of this paper, so we have not explored this behavior further.
Next, we explored the effect of dc drain-source voltage on device ac deformation. Fig. 3(b) , (d) , and (f) shows measured device deformation as a function of dc drain-source voltage with constant gate-source voltage. DC power is proportional to dc drain-source voltage for constant dc current (constant gate-source voltage). The dc drain-source voltage required to reach the maximum dc power (∼6 W/mm) is smaller for high gate-source voltage (higher current), so the dc drain-source voltage range is different for each gate-source voltage. A general trend exists for all three gate-source voltages: deformation near the drain (A) increases relative to the deformation near the source (D) and gate (B and C) as dc drain-source voltage increases. We conclude that the dc drain-source voltage causes a shift of the strain field within the device, which changes the relative deformation of different locations.
The next measurements isolated the effects of dc drainsource voltage and dc power. Fig. 4(a) shows the device ac deformation as a function of dc power for constant dc drain-source voltage. The deformation measurements in Fig. 4(a) correspond to the bias conditions that are closest to V DS,dc = 9 V[ Fig. 2(b) ]. Although the values of dc drainsource voltage range from 8.4 to 9.3 V, it is reasonable to consider Fig. 4(a) as the device behavior with constant V DS,dc = 9 V, because small variations in dc drain-source voltage do not significantly affect the measured device deformation [ Fig. 3(b) , (d), and (f)]. In Fig. 4(a) , the deformation at all locations increases with increasing dc power. In addition, the difference in deformation between the drain side (A) and the source side (D) does not change as the dc power increases. The device behavior in Fig. 4(a) suggests that the dc power and gate-source voltage affect deformation at all locations, but these parameters do not affect the relative deformation between different locations. Fig. 4(b) shows the device deformation as a function of dc drain-source voltage for constant dc power. The deformation measurements in Fig. 4(b) correspond to the bias conditions that are closest to P DS,dc = 6 W/mm [ Fig. 2(b) ]. Although the values of dc power range from 6.1 to 6.4 W/mm, it is reasonable to consider Fig. 4(b) as the device behavior for constant P DS,dc = 6 W/mm, because small variations in dc power do not significantly affect the measured device deformation [ Fig. 3(a) , (c), and (e)]. From Fig. 4(b) , the device deformation near the drain (A) remains approximately constant as the dc drain-source voltage increases and the deformation above the gate (B and C) and near the source (D) decreases. The relative deformation of the different locations changes significantly as a function of dc drain-source voltage. In particular, the deformation difference between the drain side (A) and the source side (D) increases as the dc drain-source voltage increases. We conclude that an increase in dc drain-source voltage causes an increase in temperature and thermal strain on the drain side of the device and a decrease in temperature and thermal strain near the gate and on the source side of the device.
One important question is whether IPE strain contributes to the measured device ac deformation. IPE strain is proportional to electric field, and electric field is proportional to voltage; therefore, the IPE contribution to the measured deformation is proportional to the ac voltage. Biasing the device with two different schemes, we achieved identical dc drain-source voltage, dc power, and ac power, but with a different ac voltage. Therefore, the two biasing schemes will produce the same thermal strains, but different IPE strains. We measured device deformation using both biasing schemes and observed similar device response for both schemes. This observation indicates that the IPE strain had a negligible contribution to device deformation. Finite-element modeling also predicts negligible IPE ac deformation for the conditions measured here. We speculate that the measurements with larger ac voltage (e.g., >10 V) could lead to measureable IPE deformation.
To aid the interpretation of our ac thermomechanical deformation measurements, we developed a model that couples electrical, thermal, and mechanical behaviors of the AlGaN/GaN HEMT. A detailed description of our model can be found elsewhere [15] , [16] , and the methodology is only summarized here. The model device geometry, including layer thicknesses, electrode shapes, and electrode spacings, came from scanning electron microscope images of a focused ion beam cross-sectioned device. First, a transient Sentaurus Device simulation of electrical behavior calculated the spatial distribution of ac heat generation. Next, a transient COMSOL thermal model used the heat generation solution to solve for the ac temperature distribution. Then, a transient COMSOL solid mechanics model used the temperature solution to solve for the ac vertical deformation distribution. The solid mechanics model also calculated the thermal stress and the IPE stress. The ac vertical deformation of the device surface corresponds to the cantilever deflection amplitude measured in our experiments.
Good agreement between the experiments and model for a range of frequencies (55-400 kHz) validates the material properties used in the model. One fitting parameter was required to obtain good agreement between measurements and simulations: the thermal boundary resistance between the GaN layer and the SiC substrate. From the model, larger thermal boundary resistance causes larger ac deformation. Fitting to the V DS,dc = 28 V, V GS = −2.20 V, and f = 210 kHz condition, we obtained a thermal boundary resistance of 10 m 2 K/GW, which compares well with the literature values [18] [19] [20] . Fig. 5(a) compares the experiments and modeling of ac deformation for V DS,dc = 28 V and V GS = −2.20 V at four different frequencies: 55, 110, 210, and 400 kHz. The agreement over a range of frequencies demonstrates that the thermal transport material properties in the model are reasonably accurate. In addition, a match between the shape of the measured and modeled deformation profile suggests that the coefficients of thermal expansion (CTEs) used in the model are also accurate. The CTEs of the gate and surrounding materials have significant impact on thermal stress. Fig. 5(a) shows that the ac deformation changes significantly with frequency. There is a large offset of the ac deformation from zero for all frequencies, and the offset decreases as the frequency increases. However, the relative ac deformation difference between the points remains similar as the frequency increases. In addition, from the model, there is a large ac deformation in the device at the bottom of the GaN layer (∼30 pm for f = 210 kHz). These observations imply that the substrate ac deformation causes most of the ac deformation offset, and the ac deformation of material near the heat generation region causes most of the ac deformation difference between the points. As device operating frequency increases, the thermal penetration depth decreases, leading to confinement of the ac temperature rise closer to the heat generation region. Confinement of the ac temperature rise causes material that is far from the heat generation region (e.g., the SiC substrate) to experience a large decrease in ac temperature rise and ac deformation. On the other hand, the confinement of the ac temperature rise does not have as large of an effect on the ac temperature rise and ac deformation of material near the heat generation region.
In general, the confinement of ac temperature rise improves the spatial resolution of this technique. As heat flows away from the heat generation region, it spreads in all directions, which delocalizes the ac temperature rise and delocalizes the ac deformation, leading to a reduction of spatial resolution. Therefore, high-frequency measurements will have better spatial resolution. However, we performed most of our measurements at f = 210 kHz in order to avoid cantilever resonance enhancement near the contact resonance frequency of approximately 900 kHz. One other factor affecting the spatial resolution is the thickness of the passivation layer. A thicker passivation layer causes more heat spreading and more delocalized ac deformation. The device studied in this paper has a relatively thick Si-N passivation layer (>1 μm), which affected the spatial resolution. While the theoretical spatial resolution of this technique is on the order of the AFM cantilever tip radius, the effective resolution depends on device geometry and operating frequency due to the heat spreading effect. From Fig. 5(b) , this technique is clearly able to differentiate between bias conditions that cause hotspot migration of <1 μm.
The model provides insight into how dc drain-source voltage affects ac thermal strain. Fig. 5(b) shows the experiments and modeling for a range of bias conditions: P DS,dc = 6 W/mm and V DS,dc = 10, 28, and 48 V. For low dc drainsource voltage, the ac deformation is large, especially above the gate, and is nearly symmetrical about the gate. For high dc drain-source voltage, the ac deformation is asymmetrical with larger deformation on the drain side. Fig. 6(a) and (b) shows the predicted temperature amplitude corresponding to the V DS,dc = 10 V and V DS,dc = 48 V conditions in Fig. 5(b) , which helps to explain the deformation asymmetry. As the dc drain-source voltage increases, the hotspot location (i.e., the location of highest temperature amplitude) moves toward the drain and the hotspot becomes more elongated, consistent with the previous studies [21] . For V DS,dc = 10 V, the hotspot is close to the gate electrode which induces a large temperature amplitude in the gate. The gate metal has a high CTE relative to the other materials, so gate temperature rise causes relatively large thermal strain. As the hotspot moves toward the drain for higher dc drain-source voltage, the temperature amplitude of the gate decreases, which causes less thermal strain, especially in the region close to the gate. This behavior correlates well with our measurements and suggests that the thermomechanical deformation above the gate is proportional to gate temperature. Another result of the hotspot moving toward the drain is that the temperature amplitude distribution becomes more asymmetric about the gate with larger temperature amplitudes on the drain side, leading to larger deformation on the drain side relative to the source side. Good agreement between model and measurements for a range of bias conditions indicates that the electrical properties and geometry of our model are accurate, because the hotspot location depends on these parameters.
Bias conditions determine the temperature profile within the device, which determines the thermal stress profile within the device. Fig. 6(c) and (d) shows the predicted x-direction ac thermal stress. The gate is under compressive stress, because the gate metal has a higher CTE than the surrounding materials. At the drain-side corner of the gate footprint (labeled with a dashed red circle), a small volume of AlGaN and Si-N is in tension, because the CTEs of AlGaN and Si-N are smaller than the gate metal. Since this stress is tensile, it has the same sign as IPE stress and may have significant consequences on device reliability [12] . Comparing Fig. 6 (c) and (d), the maximum ac tensile thermal stress is 55% greater for V DS,dc = 10 V (9.3 MPa) compared with V DS,dc = 48 V (6 MPa). The maximum ac tensile thermal stress for V DS,dc = 28 V is 6.5 MPa. The ac tensile thermal stress is highest for V DS,dc = 10 V, because the ac temperature at the gate-corner/AlGaN interface is largest, and thus, the strain mismatch between the gate and Si-N/AlGaN near the gate footprint corner is largest. The maximum ac thermal stress is small for the bias conditions used here, because these bias conditions do not induce a very large maximum ac temperature (6.6 K for V DS,dc = 10 V, 5.4 K for V DS,dc = 28 V, and 5 K for V DS,dc = 48 V). However, device operation in commercial RF and pulsed applications will likely have larger ac power dissipation, which will lead to large ac temperature and correspondingly large ac thermal stress. While these results indicate that tensile thermal stress is largest for lower drainsource voltage, thermal stress is one of several factors that govern device degradation. Mechanical degradation depends on the combination of intrinsic, IPE, and thermal stresses. Since intrinsic stress is normally considered to be constant for a given device, the impact of thermal stress on device degradation depends on the relative magnitude of tensile thermal stress compared with the tensile IPE stress. Thermal stress will be most important for high power density (high temperature) conditions, when tensile thermal stress can be comparable in magnitude with tensile IPE stress.
In RF and pulsed applications, the temperature response of an HEMT will include a steady-state (dc) temperature distribution that depends on the average power and a periodic (ac) temperature distribution that depends on the transient waveform. Most publications on AlGaN/GaN HEMT device reliability have focused on dc operation. However, our results suggest that ac temperature and ac tensile thermal stress are more strongly bias dependent than dc temperature and dc tensile thermal stress. For the conditions in Figs. 5 and 6, the ac temperature rise at the gate-corner/AlGaN interface is 47% larger for V DS,dc = 10 V relative to V DS,dc = 48 V, compared with only 7% difference in dc temperature rise. The corresponding maximum ac tensile thermal stress is 55% larger for V DS,dc = 10 V relative to V DS,dc = 48 V, compared with only 13% difference in maximum dc tensile thermal stress. Therefore, ac and dc degradation behavior may be markedly different for bias conditions, in which thermal stress is a major contributor to device degradation.
IV. CONCLUSION
We measured and modeled device ac deformation in AlGaN/GaN HEMTs at the frequencies up to 400 kHz and found that the drain-source voltage is an important parameter affecting thermal strain due to its impact on the Joule heating distribution. Increased drain-source voltage leads to decreased ac thermomechanical deformation above the gate, which correlates with decreased gate temperature. The magnitude of the maximum ac tensile thermal stress amplitude, located below the drain-side edge of the gate footprint, is 55% greater for V DS,dc = 10 V compared with V DS,dc = 48 V, resulting from the hotspot moving away from the gate for increasing dc drain-source voltage. The maximum tensile thermal stress depends on the temperature near the drain-side edge of the gate footprint and not the maximum device temperature. These results suggest that the device degradation in ac operation may be significantly different than the degradation in dc operation, especially under high power density operation when thermal stress is most significant. The technique presented here is not limited to AlGaN/GaN HEMT devices. The technique could be extended to study thermomechanical behavior in other types of devices. The general trend that ac deformation changes with bias conditions will persist in all devices, and the specific impact of bias conditions on ac deformation will depend on device geometry as well as electrical, thermal, and mechanical material properties.
